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Gamma-amino butyric acid (GABA) has been characterized as inhibitory neurotransmitter through chloride mediated channels
in the adult nervous system. However, using gramicidin perforated patch-clamp recordings from rod bipolar cells dissociated from
retinas of adult mice, we ﬁnd that GABA is capable of inducing cell depolarization. Currents mediated by GABAA and GABAC
receptors were further isolated by the use of GABA receptor speciﬁc blockers. In rod bipolar cells dissociated from the mouse retina,
activation of GABAA receptors located at the cell dendrites induces ionic currents which show a reversal potential of 33 mV. How-
ever, local activation of GABAC receptors located at the axon terminal induces ionic currents with a reversal potential of 60 mV.
According to Nernst equation, the dendrites of rod bipolar cells of the mouse retina would have a high intracellular chloride con-
centration ([Cl]i) and there must be an intracellular gradient in [Cl
]i, being the [Cl
]i more elevated in the dendrites than in the
axon terminal. The depolarizing eﬀect of GABA at the dendrites of rod bipolar cells may contribute to the lateral interaction in the
mammalian retina, thereby enhancing visual discrimination of stimuli input.
 2005 Elsevier Ltd. All rights reserved.
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It has been shown in the hippocampal and retinal
neurons that the polarity of the GABA induced re-
sponses reverses from depolarization in neonate to
hyperpolarization in adult (Ben-Ari, 2002; Zhang, Ster-
ling, & Vardi, 2003), thus suggesting that the intracel-
lular chloride concentration ([Cl]i) decreases during
development. Excitatory eﬀect of GABA mediated chlo-
ride conductance has also been shown recently in diﬀer-
ent mammalian adult brain regions, as in cerebellar
network (Chavas & Marty, 2003), substantia nigra (Gu-
lacsi et al., 2003), hippocampus (Woodin, Ganguly, &
Poo, 2003) and cortex (Gulledge & Stuart, 2003).0042-6989/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2005.03.020
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E-mail address: pedro.villa@uah.es (P. De la Villa).Chloride concentration is regulated primarily by two
transporters, the Na–K–Cl cotransporter (NKCC) and
the K–Cl cotransporter (KCC2). NKCC maintains
[Cl]i high, while KCC2 keeps the [Cl
]i low (see for re-
view Russell, 2000). Probably, the switch of the chloride
transporter from NKCC to the KCC2 is responsible for
the developmental change of [Cl]i (Lu, Karadsheh, &
Delpire, 1999; Plotkin, Snyder, Hebert, & Delpire, 1997;
Rivera et al., 1999).
In the distal retina of adult mammals, horizontal cells
(HCs) and ON type bipolar cells (BCs) express the
NKCC (Vardi, Zhang, Payne, & Sterling, 2000) on their
dendrites, at the ﬁrst synapse of the visual system. Thus,
[Cl]i is predicted to be high in those cell types, and the
chloride equilibrium potential (ECl) to be more positive
than the resting membrane potential.
At the ﬁrst synapse of the visual pathway, photore-
ceptors release glutamate on their postsynaptic neurons,
HCs and BCs. Light-induced hyperpolarization in
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dark-induced depolarization of photoreceptors increases
their glutamate release. Metabotropic glutamate recep-
tors (mGluR6) are expressed at the dendrites of ON type
BCs, both cone bipolar cells (CBCs) and rod bipolar
cells (RBCs). Ionotropic AMPA/kainate glutamate
receptors are expressed at the dendrites of Oﬀ type
CBCs (see for review Vardi, Morigiwa, Wang, Shi, &
Sterling, 1998). Horizontal cells are able to release
GABA upon cell depolarization (Schwartz, 1982; Vardi,
Kaufman, & Sterling, 1994) and GABA receptors have
been localized at the BCs dendrites (Fletcher, Koulen,
& Wa¨ssle, 1998; Greferath, Muller, Wa¨ssle, Shivers, &
Seeburg, 1993, 1994; Koulen, Brandstatter, Enz, Bor-
mann, & Wa¨ssle, 1998; Vardi & Sterling, 1994) and
HCs dendrites (Greferath et al., 1993, Greferath, Gru¨n-
ert, Mu¨ller, & Wa¨ssle, 1994; Pourcho & Owczarzak,
1989; Vardi, Masarachia, & Sterling, 1992). It is actually
accepted that in the distal retina, the direct glutamater-
gic input from photoreceptors to BCs generates the cen-
ter response, while the GABAergic input from HCs may
contribute to the generation of the lateral response.
GABA released from HCs at the triad, must depolarize
presynaptic HCs and ON BCs, but hyperpolarize Oﬀ
BCs. These eﬀects have been proposed to be mediated
by the GABA receptors localized at the dendrites of
HCs and BCs (Vardi et al., 2000).
According to this hypothesis it is necessary that
GABA must induce cell depolarization in retinal ON
type BCs. However, there is currently confusing data
about the [Cl]i in BCs (Billups & Attwell, 2002; Satoh,
Kaneda, & Kaneko, 2001; Vardi et al., 2000). The pres-
ent study shows evidence of a high ECl at the dendrites
of RBCs enzimatically dissociated from the mouse ret-
ina. This high ECl justiﬁes the depolarizing eﬀect of
GABA at this level.2. Materials and methods
2.1. Cell-isolation procedure
Bipolar cells were prepared from mouse (NMRI
strain) retinas, following procedures described previ-
ously (De la Villa, Kurahashi, & Kaneko, 1995; Va-
quero & De la Villa, 1999). Animals were handled
according to the European Union statement for the
use of laboratory animals. Mice were sacriﬁced by cervi-
cal dislocation before enucleating procedure. Then, the
eye was hemisected, the anterior segments and the vitre-
ous body removed, and the retina detached from the
pigment epithelium. Afterwards, the retina was incu-
bated for 30 min in a standard mammalian saline (con-
trol solution) containing (in mM): 135 NaCl, 5 KCl, 1
MgCl2, 2 CaCl2, 10 HEPES and 10 glucose (pH 7.4),
containing 40 U/ml papain (Worthington, Freehold,NJ, USA) and 0.1 mg/ml L-cysteine (Sigma Chemical
Co., St Louis, MO, USA) at 37 C. The retinal pieces
were rinsed with the standard mammalian saline con-
taining 0.1 mg/ml bovine serum albumin (BSA) (Sigma
Chemical Co., St Louis, MO, USA) and triturated using
a glass pipette. One to 2 drops of the cell suspension
were dispersed in a plastic culture dish containing ca.
2 ml BSA + standard solution. The bottom of the plastic
dish was substituted by a cover-glass coated with 1 mg/
ml concanavalin A (Sigma Chemical Co., St Louis, MO,
USA). Cells were stored at 4 C and experiments were
performed at room temperature within 1–4 h after
dissociation.
2.2. Identiﬁcation of cellular types
Dissociation procedure produced a mixture of cells.
Bipolar cells dissociated from the mouse retina were
unequivocally identiﬁed from other retinal cell types
by their own characteristic morphology. Rod bipolar
cells constitute ca. 50% of BCs of the mouse retina
and they can be easily identiﬁed after dissociation by
their typical morphology. It has been shown that RBCs
of the mammalian retina show protein kinase C-like
immunoreactivity (PKC-IR) (Greferath, Gru¨nert, &
Wa¨ssle, 1990). In a series of experiments, PKC-IR was
performed on isolated BCs just after ﬁnishing the
recording (for methods, see De la Villa et al., 1995)
and it was conﬁrmed that they corresponded to the
RBCs subtype.
2.3. Whole-cell patch-clamp recording
Cells were viewed at 400· magniﬁcation by using an
inverted microscope with phase-contrast optics (Nikon,
TMD, Garden City, NY, USA). Cells were continuously
perfused (0.5 ml/min) at room temperature (21–25 C),
with an extracellular solution containing in mM: 135
NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose,
and 0.1 mg/ml bovine serum albumin (pH 7.4). A stain-
less steel ring was placed into the dish to minimize the
dead space of the recording chamber (total volume
150 ll). Ionic currents and voltages were recorded under
the whole-cell conﬁguration of the patch-clamp tech-
nique (Hamill, Marty, Neher, Sakmann, & Sigworth,
1981) using an Axopatch 200A ampliﬁer (Axon instru-
ments, Foster City, CA, USA). Patch pipettes were
made from Pyrex glass tubing (1.2 mm o.d.) pulled in
two steps on a vertical pipette puller (Narishige mod.
P88, Narishige, Tokyo, Japan). After heat polishing,
the inner diameter of the pipette was about 0.5–1 lm.
Pipettes were then ﬁlled with intracellular solution;
two main intracellular solutions were used. A high chlo-
ride solution, containing (in mM): 10 NaCl, 110 KCl, 5
EGTA, 0.5 CaCl2, 1 MgCl2, 1 GTP, 0.1 cGMP, 1 ATP,
0.01 cAMP and 10 glucose (pH 7.2), and a low chloride
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5 EGTA, 0.5 CaCl2, 1 MgCl2, 1 GTP, 0.1 cGMP, 1
ATP, 0.01 cAMP and 10 glucose (pH 7.2). The capa-
citance of the pipette was compensated electrically.
Pipette resistances were in the 8–12 MX range. Seal
resistance was ca. 5–10 GX. We routinely corrected for
the liquid junction potential. Series resistance ranged
from 10 to 20 MX and was also compensated (50–
70%). The Ag–AgCl indiﬀerent electrode was connected
via agarose-bridge to the superfusate. Holding (Vh) and
command (Vp) voltages were generated by a personal
computer connected to the CED plus (Cambridge Elec-
tronic Design Ltd, Cambridge, England). Data were ﬁrst
sampled at 0.2–10 kHz after low-pass ﬁltering with an
appropriate cut-oﬀ frequency for each sampling rate,
and digitized by a 16-bit A/D converter and stored on
a FM magnetic tape. Data analysis was performed oﬀ
line by personal computer.
2.4. Perforated patch-clamp studies
The gramicidin perforated patch-clamp mode was
used to study the GABA-induced currents (IGABA),
either at low chloride, 13 mM, or high chloride concen-
tration, 123 mM, in the pipette solution. The solution
containing 15 lg/ml gramicidin was prepared just before
the experiment.
The gramicidin perforated patch-clamp mode was
used in order to calculate the equilibrium potential for
chloride (reversal potential of the IGABA). Thus gramici-
din-induced pores do not allow chloride to penetrate the
cell membrane, therefore preserving the actual [Cl]i.
Under voltage-clamp conﬁguration GABA-induced cur-
rents at diﬀerent holding potentials were studied, either
in 13 mM or 123 mM pipette solutions. To ensure that
the gramicidin perforated patch-clamp mode was done
properly, the reversal potential for IGABA was also
calculated under the whole-cell conﬁguration of the
patch-clamp technique by application of negative pres-
sure through the recording pipette.
2.5. Estimate of the space clamp
Since rod bipolar cells have an axon of up to 30 lm
long and of about 1 lm in diameter, a question may
arise whether the entire cell was uniformly voltage-
clamped. From the surface area of about 400 lm2 (mea-
sured from the view at the inverted microscope) and an
input resistance of ca. 10 GX, the membrane conduc-
tance per unit area was estimated to be 0.25 S m2. If
we assume a cytoplasm resistivity of 2 X m, a space con-
stant (k) of about 700 lm may be estimated, a value
much longer than the length of the dendrites and axon.
Thus, it seems likely that the entire cell membrane was
uniformly clamped (5% of potential decay at most distal
portions of the membrane, 30 lm away from soma).2.6. Drug application
Solutions were either made up freshly for each exper-
iment or prepared from aliquots and stored at 20 C.
GABA, bicuculline methiodide and (tetrahydropyridin
methylphosphinic acid) TPMPA (all from Sigma Chem-
ical Co., St Louis, MO, USA) were dissolved in the con-
trol extracellular solution and applied by a puﬀ pressure
(0.2–0.3 kg/cm2) with a large bore pipette (5–10 lm tip
diameter) located 5–10 lm away from the recorded cells.
In order to avoid drug leakage, a weak negative pres-
sure—adjusted to eliminate eﬄux from the pipette solu-
tion—was constantly applied to the inside of the pipette
(De la Villa et al., 1995). Usually two puﬃng pipettes
with diﬀerent content were located in the near proximity
of the recorded cells. Prior to each experiment, a time-
dependent puﬀ-induced current curve was constructed
for GABA and the puﬀ duration that evoked response
of submaximal amplitude (ca. 90%) was chosen.
We obtained data from 87 RBCs. Cells showing
incomplete data were not included. All experiments
shown here were carried out on at least ﬁve cells with
similar results, unless otherwise indicated. All averaged
data are expressed as mean ± SD.3. Results
The present study shows the GABA-induced ionic
current (IGABA) and voltage change in RBCs (Fig. 1)
dissociated from the mouse retina. Cells were recorded
either under the whole-cell conﬁguration of the patch-
clamp technique or the gramicidin perforated patch-
clamp.
3.1. GABA induced currents in isolated bipolar cells
Local application of GABA onto RBCs isolated from
the mouse retina induced a chloride mediated current
(Suzuki, Tachibana, & Kaneko, 1990). These currents,
in the mammalian RBCs, have been shown to be medi-
ated by the GABAA and GABAC receptors (Euler &
Wa¨ssle, 1998; Feigenspan, Wa¨ssle, & Bormann, 1993).
In a series of experiments, the currents mediated by
GABA receptors were recorded in RBCs dissociated
from the mouse retina under whole cell voltage-clamp
conditions. We were able to isolate the GABAA and
GABAC mediated currents in a single cell by the use
of GABA receptor speciﬁc blockers. In all the experi-
ments, GABA was applied by pressure from the near
proximity of the recorded cell. The duration of the pres-
sure puﬀ was usually adjusted prior to each single exper-
iment in order to produce the submaximal response.
Local application of 30 lM GABA induced an inward
current of ca. 150 pA amplitude in cells clamped at
30 mV when 133 mM [Cl]pipette was used. Pressure
Fig. 1. Microphotograph of a rod bipolar cell (RBC) dissociated from
the mouse retina. After dissociation, RBCs were identiﬁed based on
their characteristic morphology: a pearl shape soma (/ = 6–7 lm),
from which the dendritic trunk (arrowhead) and axon (arrows; /
 2 lm; ca. 30 lm long) are extended in opposite directions; calibra-
tion bar 10 lm.
Fig. 2. Bipolar cells express diﬀerent GABA receptors in their
dendrites and axon terminals. (A) Ionic current induced by 200 ms
pressure application of 30 lMGABA from a puﬀ pipette with a ﬁne tip
located in the near proximity (ca. 10 lm) of the dendrites of a isolated
bipolar cell clamped at 30 mV and recorded under whole cell
conﬁguration ([Cl]pipette = 123 mM). The current generated at the
dendrites is completely blocked by 100 lM bicuculline (gray trace),
indicating its GABAA origin. The puﬀ pipette was then moved towards
the axon terminal of the same cell. (B) Ionic current induced by 200 ms
pressure application of 30 lMGABA in the same bipolar cell as in (A),
when puﬃng the axon terminal. The current generated at the axon
terminal is completely blocked by 100 lM TPMPA (gray trace)
indicating its GABAC origin.
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induced a fast decaying current. This GABA-induced
current was nearly blocked (90 ± 3%, n = 6) in the pres-
ence of bicuculline, a GABAA receptor speciﬁc blocker
(Fig. 2A). We then moved the puﬃng pipette to the axon
terminal of the same cell and the current induced by
30 lM GABA was tested again. The current induced
by GABA at the axon terminal of mouse RBCs showed
a slower time course. This current was nearly completely
blocked (97 ± 2%, n = 6) when GABA was applied in
presence of TPMPA, a GABAC receptor speciﬁc blocker
(Fig. 2B). Control experiments were performed and
showed the null eﬀect of GABA on the dendrites or
axon terminal in presence of bicuculline plus TPMPA
(data not shown).
In a series of experiments we demonstrated that the
ionic current induced by 30 lM GABA plus 100 lM
TPMPA, when applied on the dendrites of isolated
RBCs recorded by gramicidin perforated patch, showed
a reversal potential of 33 ± 4 mV (n = 5). When 30 lM
GABA plus 100 lM bicuculline was applied to the axon
terminal of the same cells, a reversal potential of
60 ± 5 mV (n = 5) was observed (Fig. 3). From these
experiments we estimated that the [Cl]i was diﬀerentat the dendrites and at the axon terminal of RBCs (see
Section 4).
In another series of experiments, we compared the
reversal potential for IGABA in RBCs having axons
and those whose axons had been lost during the dissoci-
ation procedure (see Vaquero & De la Villa, 1999). The
ECl was measured in RBCs recorded under gramicidin
perforated patch and whole cell conﬁguration. For these
experiments, GABA was applied from a puﬀ-pipette
over the whole cell in combination with bicuculline or
TPMPA. Signiﬁcant diﬀerences were observed between
both groups of cells. The ECl in cells lacking the axon
terminal was 38 ± 7 mV (n = 6). This value was signif-
icantly more positive (p < 0.05, t-test) than the ECl meas-
ured in cells with complete morphology when GABAC
Fig. 3. Diﬀerent equilibrium potential for chloride in the dendrites and
the axon terminal of rod bipolar cells. (A) Series of current recordings
elicited by 200 ms puﬀ application of 30 lM GABA plus 100 lM
TPMPA from a glass pipette with a ﬁne tip located in the near
proximity (ca. 10 lm) of the dendrites of a dissociated bipolar cell
recorded under gramicidin perforated patch conﬁguration. Command
voltages are indicated to the right of each trace recording. The ECl at
the dendrites was estimated to be 30 mV, corresponding to an
intracellular chloride concentration ([Cl]i) of about 35 mM. (B) Series
of current recordings elicited by puﬀ application of 30 lMGABA plus
100 lM bicuculline from a glass pipette with a ﬁne tip located in the
near proximity (ca. 10 lm) of the axon terminal of the same bipolar
cell as in (A), recorded under gramicidin perforated patch conﬁgura-
tion. Command voltages are indicated to the left of each trace
recording. The ECl at the axon terminal was estimated to be 60 mV,
corresponding to a [Cl]i of about 10 mM.
Fig. 4. Equilibrium potential for chloride measured in isolated bipolar
cells under diﬀerent experimental conditions. Plot data of the
equilibrium potential for chloride (ECl) measured in isolated bipolar
cells by activation of GABA receptors in gramicidin perforated patch
or whole cell conﬁgurations. The ECl was measured in a series of
bipolar cells that retain a complete morphology (both dendrites and
axon terminal were present) when activated the GABAA receptors
(rhombuses) or the GABAC receptors (squares); The ECl was also
measured in a series of bipolar cells without axon terminals where the
GABAA receptors were activated (circles). The ECl was measured in
isolated bipolar cells recorded in whole cell conﬁguration where both
the GABAA+C receptors were activated (triangles). The number of cells
recorded under each experimental condition is indicated above each
column plot.
Fig. 5. GABA induces cell depolarization in the dendrites and cell
hyperpolarization at the axon terminal of bipolar cells. Voltage traces
obtained from a bipolar cell dissociated from the mouse retina
recorded under gramicidin perforated patch conﬁguration in current-
clamp conditions, in response to 200 ms puﬀ application of 30 lM
GABA plus 100 lM TPMPA to the dendrites and 30 lM GABA plus
100 lM bicuculline to the axon terminal.
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RBCs axon terminal in response to puﬀ application of
30 lM GABA plus 100 lM bicuculline was 59 ±
9 mV (n = 9). The [Cl]i estimated by the Nernst equa-
tion from both groups of cells indicated that the [Cl]i
at the axon terminal of RBCs is of about 13 mM and
31 mM at the dendrites. Fig. 4 shows pooled data
from cells recorded in each diﬀerent conﬁguration. Con-
trol experiments were performed and showed that
GABA plus bicuculline did not induce any current in
the ‘‘axonless RBCs’’ (see also Vaquero & De la Villa,
1999).
3.2. Voltage responses to GABA in isolated bipolar cells
In a series of experiments, RBCs were recorded under
the current-clamp conﬁguration, and the eﬀect ofGABA plus TPMPA or bicuculline was studied on sin-
gle cells. Under gramicidin perforated patch conﬁgura-
tion, RBCs showed a resting membrane potential of
40 ± 5 mV (n = 8). Activation of GABAA receptors
by pressure application of 30 lM GABA plus 100 lM
TPMPA from a puﬀ pipette located at the cell dendrites
depolarized the RBCs (Fig. 5). This eﬀect is consistent
with the high [Cl]i measured at the dendrites, where
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receptors by pressure application of 30 lM GABA plus
100 lM bicuculline from a second puﬀ pipette located at
the cell axon terminal hyperpolarized the RBCs. This ef-
fect is consistent with the low [Cl]i measured at the
axon terminal of bipolar cells, where the GABAC recep-
tors are located. In a series of experiments, 30 lM
GABA was applied on the whole cell under current-
clamp recording and responses of no constant polarity
were observed.4. Discussion
In the present work we show evidence of a high intra-
cellular chloride concentration ([Cl]i) at the dendrites
of RBCs of the mouse retina. We found that there must
be a gradient in [Cl]i, being the [Cl
]i more elevated in
the dendrites than in the axon terminal. Estimation of
[Cl]i has been accomplished by the use of gramicidin
perforated patch-clamp technique which allows the elec-
trical recording without disruption of the native intracel-
lular chloride concentration. We have used the reverse
potential of the current mediated by ionotropic GABA
receptors (EGABA) as an equivalent of the equilibrium
potential for chloride (ECl). Thus, the [Cl
]i can be esti-
mated by the Nernst equation (Kakazu, Uchida, Naka-
gawa, Akaike, & Nabekura, 2000).
The results also conﬁrm previous ﬁndings from the
group (Vaquero & De la Villa, 1999) who showed that
in isolated mouse RBCs, GABAA receptors are localized
almost exclusively to the dendrites and GABAC recep-
tors are localized mostly to the axon terminals. This is
in contrast to studies on RBCs of the retina of lower ver-
tebrates, where both GABAA and GABAC receptors
were found on both axon terminals and dendrites in
the same proportions (Quian, Li, Chappell, & Ripps,
1997). From our experiments we cannot discard the pos-
sibility that GABAC receptors may be localized at the
dendrites of RBCs, since bicuculline was not able to
block 100% of the GABA induced response when ap-
plied to the dendrites. Similarly, we do not discard the
fact that GABAA receptors may be localized at the axon
terminal of RBCs together with GABAC receptors; in
this sense, a great contribution of GABAC receptors to
the GABA induced current has been observed in RBCs
of the rat retina (Euler & Wa¨ssle, 1998).
4.1. Depolarizing eﬀect of GABA on the dendrites
of rod bipolar cells
Membrane potential of RBCs of the mammalian
retina has been measured by intracellular recording
technique or current-clamp conﬁguration of the patch-
clamp technique in physiological conditions under
dark adaptation (Berntson & Taylor, 2000; Dacheux &Raviola, 1986; Euler & Masland, 2000; Ma & Pan,
2003). In these experimental conditions, a value close
to 65 mV has been observed. Rod bipolar cells dissoci-
ated from the mammalian retina also show membrane
potentials of about 45 mV (De la Villa et al., 1995;
Ma & Pan, 2003; Suzuki et al., 1990). Rod bipolar cells
of the mammalian retina receive a glutamate input from
rod photoreceptors through mGluR6 metabotropic
glutamate receptors (Nomura et al., 1994). The decrease
in the glutamate-sensitive cationic conductance (De la
Villa et al., 1995) explains why RBCs are more hyperpo-
larized in situ than when dissociated and in the absence
of glutamate.
Actually, there is a controversy about the intracellu-
lar chloride concentration in BCs of the mammalian ret-
ina. Previous studies suggest that in the RBCs of the
mammalian retina the ECl is more positive than the
membrane potential (Satoh et al., 2001; Vardi et al.,
2000, but see also Yamashita & Wassle, 1991). Our re-
sults conﬁrm these suggestions and demonstrate that
the EGABA is more positive than the membrane potential
in these cells, thus determining the depolarizing eﬀect of
GABA. In that sense, our estimation of the [Cl]i in the
RBCs of the mouse retina (31 mM) agrees with the
[Cl]i measured in the ﬁsh retinal BCs (47 mM) by
the use of patch-clamp technique (Suzuki et al., 1990).
Slight diﬀerences in [Cl]i between dendrites and axon
terminals were also observed in RBCs of the rat retina,
although these diﬀerences did not justify the GABA in-
duced depolarization in the dendrites of depolarizing
RBCs (Billups & Attwell, 2002). Just recently, a gradient
of [Cl]i has been observed in RBCs of the mouse retina
by the use of two photon optical imaging (Du¨bel, Hav-
erkamp, Kuner, & Euler, 2004). The discrepancy in
[Cl]i between the work of Billups and Attwell (2002)
and the present data may be due to a functional modu-
lation of the [Cl]i by changes in Cl
 transporter activity
mechanisms like those observed in the hippocampus
(Woodin et al., 2003). Movement of Cl through ion
channels and transporters at the dendrites of RBCs
has also been shown to depend on adaptation states,
and may therefore determine the large variations in
the [Cl]i measured in RBCs by estimation of the EGABA
(Satoh et al., 2001). This large variation in RBCs den-
dritic [Cl]i could justify the GABA induced hyperpolar-
ization when dendritic [Cl]i is low (as proposed by
Billups & Attwell, 2002) or the GABA induced depolar-
ization when dendritic [Cl]i is high (present work).
4.2. Physiological role of the GABA-induced
current in RBCs dendrites
Feedback from HCs to cone photoreceptors had
been suggested to play a relative role in the center-sur-
round organization of retinal neurons. Recent data sup-
ports the notion that the horizontal cell-photoreceptor
Fig. 6. Scheme of the enhancing contrast detection by rod bipolar
cells. (A) Drawing of the distal retina showing the rods, the plexus of
horizontal cell-axon terminals (HC-ATs) and rod bipolar cells (RBCs)
under dark or light stimulation (see black/white bars above the
external segments of photoreceptor cell drawings). Suggested values
for membrane potential are indicated near each drawn RBCs.
Discontinuous gray line indicates the suggested membrane potential
in RBCs at both sides of the light/dark border. Diﬀerences in
membrane potentials is maximal just at the level of the light/dark
limit. This eﬀect would explain the enhancement of contrast detection
performed at the ﬁrst synapse of the visual pathway. (B) Drawings of
single rod spherules (rs) located at diﬀerent distances from the light/
dark border (corresponding to letters a, b, c, d from panel A). Each
drawing (a–d) includes the central (rod bipolar cell dendrite, RBCd)
and lateral (horizontal cell processes, HCp) elements of the triad. The
degree of glutamate release (open arrows) from ribbon synapse onto
RBCd and HCp, or GABA release (ﬁlled arrows) from HCp onto
RBCd is shown in each case. As it is shown, the glutamate is released
from non illuminated cells and it is not released from illuminated cells
(discontinuous thin line in c and d). The amount of GABA released
form HCp varies in each spherule (a–d) due to the depolarizing eﬀect
of glutamate on HCp and the electrical coupling (‘‘=’’ symbol) between
HCs. The GABA released from HCp is maximum in spherules away
from the dark border (a) and minimum in spherules away form the
light border (d).
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awa & Kaneko, 2003; Kamermans et al., 2001; McMa-
hon, Packer, & Dacey, 2004; Verweij, Hornstein, &
Schnapf, 2003). Therefore, a new question is raised
about the physiological role of GABA released by
HCs. Horizontal cell depolarization ﬂuxes from cell to
cell by gap-junctions (Bloomﬁeld, Xin, & Persky,
1995), thus securing the spread of voltage change across
the cell sincitium. Lateral spread of voltage changeswould help to enhance the feedback from HCs to BCs
at the light/dark border, thus contributing to the con-
trast codiﬁcation along the retina. It has been shown
that RBCs do not show center-surround antagonism
(Berntson & Taylor, 2000; Bloomﬁeld & Xin, 2000).
However, triad organization at the rod spherule is also
well known, where the center element (the dendrite of
the RBC) receives its glutamatergic input from the rod
and its GABAergic input from the lateral elements of
the triad (processes form the HC axon terminals). We
suggest that the GABA induced depolarization of RBCs
would enhance the contrast detection during scotopic vi-
sion. Fig. 6 shows an scheme of the enhancing eﬀect in-
duced in RBCs at the light/dark limit, as mediated by
the GABAergic input to RBCs dendrites. At the border
of dark/light stimulation, RBCs receiving their glutama-
tergic input from non illuminated rods would have a
membrane potential more negative than the RBCs away
from the dark border. Similarly, RBCs receiving their
synaptic contacts from illuminated rods would be more
depolarized, due to the decrease in glutamate release
from the rod spherules, and have a membrane potential
more depolarized than the RBCs away from the light
border. This eﬀect may be explained by the GABAergic
input from HCs. Since HCs axon terminals are electri-
cally coupled, a gradient of HC depolarization would
occur at the light/dark border. Due to the electrical cou-
pling among HCs, the amount of GABA released from
the HC axon terminal processes would gradually de-
crease from those HC processes receiving their depolar-
izing input from non illuminated rods to those HC
processes receiving their input from illuminated rods.
Integration of the glutamatergic input and GABAergic
input at the RBCs dendrites would explain this enhanc-
ing phenomenon. This mechanism might well explain
the surround enhancement of central modulated stimu-
lus reported for the rod vision (Naka, Chapell, Sakura-
naga, & Ripps, 1988).Acknowledgment
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